Background: PitB and SrtG are essential components of the pneumococcal PI-2 pilus. Results: PitB assembles head-to-tail into fibers that do not require SrtG1 for stabilization. Conclusion: PitB associates like beads on a string to form a fiber that is 35 Å in diameter. Significance: The PI-2 pilus displays a simple architecture composed of a single protein with adhesive properties.
Streptococcus pneumoniae is a frequent colonizer of the human upper respiratory tract and is one of the main causative agents of pneumonia, meningitis, and septicemia (1) . Despite the development of multi-valent polysaccharide-based vaccines, pneumococcal infection still continues to be a worldwide problem, affecting mostly the elderly and the very young, notably in developing countries (2, 3) . One of the key steps for infection initiation is adherence of pneumococci to eukaryotic surfaces, which is mostly achieved through the interaction between bacterial surface-exposed proteins and host carbohydrates in a lectin-like fashion or through the direct action of adhesins that recognize the extracellular matrix (4 -6). Some adhesins have been shown to be located at the furthermost tip of pili, hair-like, proteinaceous surface structures that aid in bacterial adhesion to host molecules but also play key roles in biofilm formation and evasion from the immune system (7) . The study of the molecular machineries from both Gram-positive and Gram-negative pathogens have revealed not only key differences in the mechanisms of pilus formation by the two different bacterial types (8) but have also underscored the importance of the detailed comprehension of the pilus formation systems for the exploration of novel anti-adhesion strategies that could lead to the development of new antimicrobials.
The pilus-forming building blocks (pilins) of Gram-positive bacterial species are covalently associated by dedicated sortases, cysteine transpeptidases whose genes are located within the same pathogenicity islet as the pilin-encoding genes. Pili have now been extensively studied in a number of organisms, including Corynebacterium, Enterococcus, and Streptococcus species (9) . Notably, genome sequencing studies revealed the existence of more than one pilus islet in many species (10) . Specifically, S. pneumoniae carries two pilus-encoding pathogenicity islets, PI-1 and PI-2. PI-1, also known as the rlrA islet, spans a 14-kb region and encodes three pilins (RrgA, the adhesin; RrgB, the backbone; RrgC, the bridging element) and three class C sortases (4, (11) (12) (13) (14) (15) (16) . The PI-1 islet is present in ϳ30% of all pneumococcal strains (50% among antibiotic-resistant strains); a tendency toward the spreading of PI-1 clones has been reported, indicating that pilus expression may provide a fitness advantage to the bacterium (17) . The PI-2 islet encodes two pilins (PitA and PitB), two sortases (SrtG1 and SrtG2) and one signal peptidase-like protein (SipA) (18) . Notably, both PitA and SrtG2 are dispensable for PI-2 formation, indicating that PitB is the backbone pilin, and its covalent association is catalyzed by SrtG1 (19) . The function of SipA is more controversial despite the fact that its homologs are present in pilus-related pathogenicity islets of a number of streptococcal species (Streptococcus oralis, Streptococcus mitis, Streptococcus agalactiae) (20) . How-ever, it has been suggested to function as a chaperone for pilus polymerization (19) , notably by associating with a partially unfolded pilin to facilitate folding and subsequent polymerization (21) .
The catalytic mechanism of sortases as well as their structures and those of pilin molecules have been the object of much interest in the past few years. Sortases have been classified into four classes (A-D) based on their primary sequences and substrate recognition motif (22) . Their three-dimensional folds all display a central ␤-barrel motif, but they are involved in processes that range from iron uptake to pilus polymerization and covalent attachment of virulence factors to the bacterial cell wall (23) . Most pilus-forming sortases (class C), in addition to the classic ␤-barrel, also carry "lid" sequences that cover the active site and could play a role in substrate recognition (24 -28) . A notable exception is the pilus-related sortase from Streptococcus pyogenes, which lacks a lid and was shown to be structurally similar to class B sortases (29) , which have been reported to be involved in anchoring virulence factors to the cell wall in the case of iron acquisition (22, 30) . Sortases recognize the cell wall sorting signal of a target protein, notably an LPXTG-like motif, and associate it to an amino group located on the cell surface. In the case of pilin substrates, the active site Cys residue of the sortase enzyme performs a nucleophilic attack on the link between Thr and Gly of the target motif, resulting in the formation of an amide bond joining the newly formed C-terminal Thr carboxylate to the ⑀-amino group of a Lys residue from the adjacent pilin subunit (31) (32) (33) . Thus, the identity of the surface-exposed Lys that is involved in covalent association between pilins is relevant for the understanding of the pilus formation process at a mechanistic level.
On the other hand, the building blocks responsible for pilus formation have been reported to fold into independent domains associated to each other as beads on a necklace, which provides the necessary flexibility for pilus recognition of target surfaces (24, 34, 35) . One notable exception, however, is the adhesin RrgA, which displays interdependent domains, one of which mimics the eukaryotic VWA motif (4). Nevertheless, despite the advances in structural and functional characterization, a complete understanding of the association between sortases and pilins as well as pilins themselves in atomic detail is still lacking due to the complexity of the multiprotein pilus systems and the difficulty in "trapping" a complex between an active sortase and a pilin molecule. In this work we have solved the high resolution structures of PitB and SrtG1, the backbone pilin, and cognate sortase from the type II pilus (PI-2) of S. pneumoniae and used molecular docking to understand the first step before nucleophilic attack; that is, association of the target LPXTG motif onto the sortase recognition platform. In addition, we have also visualized the type II pilus fiber using x-ray crystallography and electron microscopy. This work thus allows a more complete comprehension of pilus biosynthesis in Gram-positive organisms in that it provides a snapshot of a key step of an essential reaction in atomic detail as well as insight into the mechanism of type II pilus formation.
Experimental Procedures
Cloning, Expression, and Purification of PitB-The pitB gene was amplified by PCR from S. pneumoniae clinical strain 19F Taiwan 14 (a gift from M. Barocchi, Novartis) using conventional PCR techniques. The amplified fragment was cloned into pET151 (Invitrogen) in-frame with an N-terminal His tag using a TOPO cloning kit (Invitrogen), generating pET151-PitB. Subsequently, to perform phasing experiments, two methionine residues were incorporated into the sequence by site-specific mutagenesis. We thus generated mutants PitB-L242M/ L307M, which were produced using the QuikChange sitedirected mutagenesis kit (Stratagene). The mutated amino acids, Leu-242 and Leu-307, were selected based on a homology model built using MODELLER (36) .
Escherichia coli BL21(DE3) cells (Novagen) were transformed with pET151-PitB and grown in LB medium supplemented with ampicillin (100 g/ml) at 37°C to an optical density value (A 600 nm ) of 0.6 absorbance units. Protein expression was triggered by the addition of 0.5 mM isopropyl-␤-D-thiogalactoside (Inalco), and cells were incubated for 4 h at 25°C with shaking. Cultures were centrifuged and resuspended in buffer A (30 mM Tris-HCl, pH 8.0, 150 mM NaCl) and then disrupted by sonication. The lysate was centrifuged to remove cell debris (18,000 ϫ g for 25 min) and loaded onto a 5-ml Ni 2ϩ Chelating Sepharose TM column (GE Healthcare). After extensive washing using buffer A supplemented with 20 mM imidazole, PitB was eluted using a linear gradient from 80 to 300 mM imidazole. Fractions were pooled and dialyzed for 2 h at 4°C against buffer A. The N-terminal His 6 tag was removed by incubating the protein overnight with tobacco etch virus protease; uncleaved PitB and tobacco etch virus protease were removed by reloading the sample onto the Ni 2ϩ column. PitB was further purified by gel filtration using a Superdex 200 TM 16/60 GL (GE Healthcare) column equilibrated in buffer A.
Selenomethionylated PitB was expressed in E. coli BL21 (DE3) cells in M9 minimal medium supplemented with thiamine (0.2 mg/ml). Thirty minutes before induction with 0.3 mM isopropyl-␤-D-thiogalactoside, a solution of leucine (50 mg/ml), valine (50 mg/ml), isoleucine (50 mg/ml), lysine (100 mg/ml), phenylalanine (100 mg/ml), threonine (100 mg/ml), and selenomethionine (60 mg/ml) was added to the culture to inhibit the methionine biosynthesis pathway and to drive the incorporation of selenomethionine. Expression and purification of selenomethionylated PitB were performed as for the native protein; 1 mM DTT was added to the gel filtration buffer to prevent sample oxidation.
PitB Crystallization and Structure Determination-Native PitB crystals were obtained at 20°C by vapor diffusion using a 20 mg/ml protein stock solution and, as precipitant, a solution containing 3 M NaCl, 0.1 M HEPES, pH 7.0. Native data were collected at beamline ID14Ϫ4 of the European Synchrotron Radiation Facility (ESRF) 2 in Grenoble, France. Crystals belonged to space group P4 3 , with unit cell dimensions a ϭ b ϭ 54.21 Å and c ϭ 361.41 Å. Two molecules were present in the asymmetric unit, leading to V M ϭ 3.59 3 /Da, corresponding to an approximate solvent content of 65.72%. Data were indexed and integrated with software Mosflm (37) and merged and scaled with Scala (38) . Crystals of selenomethionine PitB-L242M-307M were grown in the same condition as the native variant, and a single wavelength anomalous dispersion experiment was performed on the selenium edge on beamline BM14 of the ESRF. Crystals diffracted to 3.3 Å and were in space group P4 3 ; data were treated using the same software as for the native form.
Four selenium positions were identified in the PitB-L242M-307M data by Autosharp (39) , and further model building, including phase extension to the higher resolution native dataset (2.8 Å), was performed with Autobuild (40) . Model building was further extended with Buccaneer (41) and manual rebuilding with Coot (42). Refinement was carried out using the Phenix package (43) and Refmac (44) . Solvent molecules were added by using the automated procedure in Phenix. Geometrical parameters of the model were verified by Procheck (45) . Data collection and refinement statistics are presented in the Table 1 .
Generation of PitB Active Site Mutants-Primer pairs were designed to modify Lys-53, Lys-179, Lys-194, and Lys-203 into alanines based on the QuikChange TM Site-Directed Mutagenesis kit (Stratagene). The pET151-PitB construct was used as a template, and a two-step protocol was employed for the mutagenesis reaction (46) . Mutations were confirmed by sequencing.
Electron Microscopy of PitB-Four microliters of purified PitB at ϳ0.05 mg/ml were adsorbed onto the clean face of a carbon film on a mica sheet (carbon/mica interface) and negatively stained with 2% (w/v) neutral sodium silicotungstate, pH 7.5. Micrographs were taken under low dose conditions with a Tecnai12 LaB6 electron microscope working at 120 kV and with nominal magnifications of 23,000ϫ and 49,000ϫ using a Gatan Orius TM SC1000 CCD camera. For experiments involving SrtG1 addition, purified PitB and SrtG1 were incubated at a molar ratio of 1:2. Four l of this mix (leading to a final concentration of 0.05 mg/ml of PitB) were loaded onto grids and observed by negative staining electron microscopy as described above.
Cloning, Expression, and Purification of SrtG1-The srtg1 gene was amplified by PCR from S. pneumoniae clinical strain 19F Taiwan 14. The amplified fragment (encompassing residues 46 -260) was cloned into the pET151 vector (Invitrogen) in-frame with an N-terminal His tag using a TOPO Cloning kit (Invitrogen), generating pET151-SrtG1.
E. coli BL21(DE3) cells (Novagen) were transformed with pET151-SrtG1 and grown in LB media at 37°C, supplemented with ampicillin (100 g/ml). Protein expression was triggered by 1 mM isopropyl-␤-D-thiogalactoside (Inalco) until the culture reached an optical density (A 600 ) of 0.7. After a 4 h incubation at 28°C, bacteria were collected and resuspended in lysis buffer (30 mM Tris, pH 8.0, 150 mM NaCl) and then disrupted by sonication. The lysate was centrifuged to remove cell debris (18,000 ϫ g for 25 min) and loaded onto a column containing 5 ml of Ni 2ϩ -charged Chelating Sepharose TM (GE Healthcare). After extensive washing using the lysis buffer supplemented with 20 mM imidazole, SrtG1 was eluted by a linear gradient from 80 to 300 mM imidazole. Fractions were pooled and dialyzed for 2 h at 4°C against dialysis buffer (30 mM Tris pH 8.0, 150 mM NaCl). The His tag was removed by incubating the protein overnight with tobacco etch virus protease; uncleaved SrtG1 and tobacco etch virus protease were removed by reloading onto the Ni 2ϩ column. SrtG1 was further purified by gel filtration using a Superdex 200 TM 16/60 GL (GE Healthcare) equilibrated in 30 mM Tris, pH 8.0, 150 mM NaCl.
Crystallization and Structure Determination of SrtG1-SrtG1 was concentrated to 25 mg/ml and used for crystallization tests. The best native crystals were obtained at 20°C by vapor diffusion using a 20 mg/ml protein stock solution and, as precipitant, a solution containing 0.1 M citric acid, pH 5.5, 2.4 M sodium acetate, pH 5.5. Crystals were in space group C222 1 , with unit cell dimensions a ϭ 74.15 Å, b ϭ 101.14 Å, and c ϭ 143.29 Å and two molecules in the asymmetric unit (V M ϭ 2.69Å 3 /Da, corresponding to an approximate solvent content of 54.22%.) A diffraction data set was measured at beamline ID 23-2 of the ESRF. The dataset was indexed and integrated with Mosflm (37), merged, and scaled with Scala (38) . The structure was solved by molecular replacement using BALBES (47) using the crystal structure of Spy0129, a S. pyogenes class B sortase (PDB code 3PSQ) as template. Model building and refinement were performed using the same software as for PitB, described above. Data collection and refinement statistics are presented in Table 1 .
Molecular Docking-PitB and SrtG1 were docked by using the automated ClusPro docking server (48) , which employs a range of multistage protocols for protein-protein docking. Initially, Cluspro performed rigid docking by using PIPER (49); subsequently, docked conformations were filtered and clustered, and selected conformations were stabilized using Monte Carlo simulations. The binding energy score was generated from an energy function of the PIPER docking program based on the conformation of the bound complex (49) .
Docking was guided by assigning the attraction region around the active site cavity and substrate recognition motif of SrtG1 (loop regions between ␤3/␤4, ␤4/␤5, ␤6/␣4, ␤8/␤9, ␤4, the C-terminal part of ␤8, and the N-terminal part of ␤9) and the C-terminal PitB VTPT sequence along with all of the loop regions in the vicinity (loop regions between ␤13/␤14, ␤19/␤20, and ␤21/␤22). All other parameters were left as defaults. After following the recommended procedure in which 20,000 models were retained after initial docking and filtering, the top 2,000 solutions were clustered; the clusters were ranked by using the ClusPro algorithm (48) . The topscoring solution was checked manually by selecting docked complexes that belonged to the most populated clusters of interacting complexes but with the lowest binding energy scores. We assumed that the model with the lowest binding energy was the one with optimal conformation.
Results and Discussion
PitB Structure Determination-A construct comprising residues 46 -386 of PitB (PitB 46 -386 ) from S. pneumoniae strain 19F Taiwan 14 was expressed in E. coli, purified, and crystallized. The N-terminal 45-residue signal peptide and the C-terminal 27-residue transmembrane-anchoring domain were not included in the construct (Fig. 1A) . PitB crystals diffracted to 2.8 Å at the ESRF. Molecular replacement attempts using the structure of the major pilin from S. pyogenes as a model (which was the closest homolog and shared 28% sequence identity with PitB) did not yield solutions. We thus decided to attempt to solve the structure by single/multiwavelength anomalous diffraction phasing, but PitB only contains 2 methionines out of a total of 341 residues, and this ratio does not suffice for providing sufficient phasing power. To phase the data, we mutated two leucines (Leu-242, Leu-307) into methionines, generating PitB-L242M/L307M (PitB-2M). The candidates for mutation were selected based on the homology model built using MODELLER (36) and evaluated as substitution sites by taking into account several factors such as predicted flexibility and structural compatibility. Once PitB-2M was expressed and crystallized, phases were experimentally FIGURE 1. Schematic arrangement and tertiary fold of PitB. PitB is composed of two domains, both of which carry an isopeptide bond. The VPTPG region is located at the C terminus of D2; the C-terminal Gly could not be modeled in the map, potentially due to local flexibility. obtained using single wavelength anomalous dispersion on the selenomethionine variant. The asymmetric unit contains two monomers of PitB, which are related to each other by a non-crystallographic 2-fold axis. The excellent quality of the electron density map allowed for the clear tracing of the entire chain, with the exception of three C-terminal residues for each of the two independent PitB molecules. The two monomers were almost identical; when the two molecules were superimposed, the root mean square (r.m.s.) difference in C␣ atom positions was 0.15 Å over 316 aligned residues.
Structure and Stabilization of PitB-PitB consists of two domains, D1 (46 -222) and D2 (223-386), and presented overall dimensions of 110 Å (length) and 40 Å (width) (Fig. 1B) . The two domains displayed irregular ␤ structures that are modified variants of the immunoglobulin fold. D1, the N-terminal domain (green in Fig. 1B ) comprised 12 ␤ strands and formed an extended form of ␤ sandwich in which the individual strands were progressively arranged in semi-helical fashion, forming a rather "flat" platform at the furthermost N-terminal end of the molecule. Notably, this platform was highly basic (Fig. 2A) , which could be linked to the fiber-forming characteristics of PitB (see below). The C-terminal domain, D2 (cyan in Fig. 1B) , comprised 11 ␤ strands and formed a compact ␤ sandwich. The core of D2 was formed by a five-stranded ␤ sheet packed against another four-stranded sheet, whereas the other two anti-parallel ␤-strands (␤15/␤16) were somewhat more exposed. The overall structure of PitB is thus reminiscent of that of other pilus-forming molecules, which consist of domains associated as "strings of pearls," linked by flexible loops; the difference here seems to be that the two domains of PitB are rather stably associated, suggesting a rigid, rod-like structure. In fact, analyses of the different domains of PitB using DALI (50) confirm that the folds of D1 and D2 are similar to those of the N-terminal and C-terminal domains of the major pilin protein Spy0128 of S. pyogenes (35) , respectively, as predicted by sequence comparisons. Other similar molecules are the minor pilin FctB (51) (D1) and Spy0125 (52, 53) (D2), also from the same organism; however, r.m.s. deviations are in the range of 2.8 -3.2 Å for all C␣, with most of the differences coming from loop regions and minor positional differences between strands.
The resistance and stability of Gram-positive pili has been shown to require the formation of isopeptide amide bonds within the pilin monomers themselves. Isopeptide bonds, products of an intramolecular reaction between the side chains of lysine and asparagine residues, are found to be present in all pilin molecules whose structures have been solved to date (4, 14, 35, 54) . PitB harbors two isopeptide bonds, one in each domain (Fig. 2B) ; these had been originally identified by mass spectrometry and mutagenesis (20) . The bond within D1 is formed between the side chains of Lys-66 and Asn-217 and is stabilized by the side chain of Glu-147, whereas in D2 it is formed between Lys-246 and Asn375 and stabilized by Glu-328. As is the case for other pilins, the Lys-Asn isopeptide bonds present in PitB are located within hydrophobic cores and are important for stability of the protein in thermal denaturation experiments (20) .
Reconstitution of the Type II Pilus Backbone-Associated PitB monomers generate columns of molecules extending through the z axis of the crystal by stacking head-to-tail with an approximate rotation angle of 120°between two successive PitB monomers. The head-to-tail organization places the C-terminal VTPTG sorting recognition motif of a D2 domain into a cavity of the successive D1 domain (Fig. 3A) . The interaction interface between the C terminus of D2 (dark blue in Fig. 3A ) and the N terminus of D1 (cyan in Fig. 3A ) buries ϳ659 Å 2 of solvent-accessible surface; notably, interactions are mostly made with main chain atoms of the VTPTG sequence, suggesting that different sequences could potentially be accepted within the D1 recognition site. Notably, the interaction between D1 and D2 monomers is highly reminiscent of that observed in the RrgB fiber ( Fig. 3B ; Refs. 14 and 15). In light of the observation that the PitB building blocks could associate in a pilus-like fashion in the crystals in the absence of SrtG1, we wondered if we could visualize these "fibers" using an additional biophysical technique. Thus, we performed analyses of PitB using negative staining electron microscopy employing 2% sodium silicotungstate at pH 7.5 (Fig. 4, top) . Electron micrographs show short, thin fibers with diameters in the range of 30 Ϯ 5 Å. These values are comparable with those measured for the type I pilus of streptococci both in vitro (24) and in vivo (55) , where the associated RrgB molecules generated fibers with diameters in the range of 35 Å. This suggests that the PitB-generated backbone structurally resembles the RrgB fiber.
In addition, these observations also suggest that PitB monomers have a tendency to associate head-to-tail; on the bacterial surface, this could facilitate the action of SrtG1, whose role would be limited to catalyzing the covalent association of VTPTG to the catalytic Lys (and thus would not necessarily play any role in stabilization of PitB monomers in close proximity to each other). However, PitB fibers are considerably short; we estimate that the fibers have a maximum length 220 Å, which is distinct from those observed for pilus fibers on the surface of S. pneumoniae, which can measure up to 1 m (19, 55) . Thus, in the absence of SrtG1/SipA, the headto-tail association of PitB is not completely stable, and only a limited number of monomers can become associated before dissociation. These results (Figs. 3 and 4) illustrate how PitB can form short fibers in an in vitro setting in the absence of SrtG1/SipA; the elongated nature of the binding cleft as well as the fact that the VTPTG sequence is stabilized by the recognition region of the neighboring molecule is sufficient to partially stabilize the two monomers.
During the pilus formation process, SrtG1 recognizes VTPTG and forms a covalent bond with the side chain of a neighboring lysine residue of the adjacent domain. Analysis of the PitB structure reveals that four Lys residues (in D2) are located in the immediate neighborhood of VTPTG (from the adjacent D1) and could be involved in formation of the covalent bond: Lys-53, Lys-179, Lys-194, and Lys-203 (Fig. 3C) . These residues are positioned within the "basic patch" mentioned above.
To address the issue of the identity of the Lys residue that participates in the covalent bond with VTPTG, we mutated all four abovementioned lysines in PitB into alanines, expressed and purified the variants as per the wild type molecule, and analyzed their capacity to generate fibers in the presence or absence of purified SrtG1 by negative staining electron microscopy (Fig. 4) . Interestingly, PitB-K53A, PitB-K179A, and PitB-K194A were all able to form short fibers, much like wild type PitB (PitB-K203A could not be purified due to instability). This result was unchanged whether SrtG1 was incubated with the samples or not, indicating that in vitro, PitB molecules can associate as short fibers, but SrtG1 is not capable of polymerizing them into pili. This observation indicated that, contrary to type I pili, type II pili cannot be polymerized in an in vitro setting.
We subsequently attempted to study this issue in vivo by complementing the S. pneumoniae strain PN110 (that expresses PI-2 pili on its surface) from which the pitB gene was deleted (PN110⌬pitB) with plasmids expressing wild type and mutant PitBs. Interestingly, none of the complemented strains was able to display clearly identifiable fibers on their surface, contrary to wild type PN110, which showed clear high molecular weight bands on an SDS gel prepared from cell wall preparations (not shown). This suggests that when PitB is added exogenously, the SrtG1/SipA machineries are not capable of catalyzing pilus formation. These results further support the theory that all PI-2 proteins must be co-expressed from the same operon for PitB (potentially in semi-unfolded state, as suggested by Young et al. (21) ) to be tackled by its partner peptidase and sortase for polymerization to occur successfully. These observations further strengthen the hypothesis that the polymerization mechanism of PI-2 pili, despite requiring the action of only three proteins, is highly regulated in vivo, requiring the three players to be expressed concomitantly from the same operon.
To gain further insight into the polymerization mechanism itself, we solved the structure of SrtG1 and used molecular dynamics to "trap" a complex between the sortase and PitB. These experiments allowed us to create a snapshot of the first step in pilus formation.
Structural Characterization of SrtG1-SrtG1 is a 333-residue protein that comprises an N-terminal 45-residue region encompassing a signal peptide and an initial transmembrane region, a central sortase domain, and a 43-amino acid, C-terminal, 2nd transmembrane anchoring domain (Fig. 5A ). This organization is in slight contrast with that of other pilus-catalyzing sortases that only present a predicted transmembrane region at their C termini. Notably, the structure reported here comprises residues 46 -260, which represented the most stable form of the molecule. SrtG1 also carries a characteristic sortase signature motif, LLSTC, which deviates from the classical motif (TLXTC).
SrtG1 was crystallized in space group C222 1 , with two molecules in the asymmetric unit using the structure of Spy0129 from S. pyogenes as a search model in a molecular replacement experiment. For each of the two independent SrtG1 molecules, residues 46 -75 and 110 -119 were not visible in the crystal structure and were assumed to be disordered. The two molecules in the asymmetric unit are related by a non-crystallographic 2-fold axis, and analyses performed with PISA (56) indicate that the dimeric arrangement is not suggestive of a physiological oligomer, as the buried surface area between the two molecules is only 1,718 Å 2 of a total surface of 16,937 Å 2 (CSS ϭ 0.0). Superposition of the two monomers reveals that they are very similar, with an r.m.s. difference in C␣ atom positions of 0.4 Å over 174 aligned residues. SrtG1, a Pilus-forming Class B Sortase-The overall structure of SrtG1 conforms to the archetypal sortase fold in which a highly twisted, eight-stranded ␤-sheet generates a core ␤-barrel that is surrounded by four helices and one small strand (Fig. 5B) . The central ␤-barrel is structurally reminiscent of those observed in other sortases, including enzymes not involved in pilus biosynthesis. However, the arrangement of secondary structure elements around the barrel is distinct from other molecules (Fig. 6) . A DALI search (50) reveals that its closest homologs are Spy0129, an ancillary class B sortase from the pilus-forming machinery of S. pyogenes (29) as well as those from Staphylococcus aureus and Bacillus anthracis (57) , all of which present r.m.s. deviations in the range of 2.5 Å for ϳ200 C␣ atoms. The most noticeable differences between SrtG1 and its closest counterpart, Spy0129, are the positions and lengths of the ␣-helices that surround the ␤-barrel core (compare the two structures on the left half of Fig. 6 ). These findings are corroborated by the fact that SrtG1 displays sequence identity levels in the range of 36% with the abovementioned sortases and Ͻ20% with class A and class C enzymes. Importantly, despite the fact that SrtG1 is essential for the formation of the type II pilus in S. pneumoniae, it does not display the prototypical lid found in pilin sortases involved in type I pilus biosynthesis (24, 27, 28) . These observations strongly suggest that SrtG1 is also a class B sortase, as is the case for Spy0129, which is also involved in pilus biosynthesis in a Gram-positive organism but does not display the lid region observed in class C enzymes (29) .
The transpeptidation reaction catalyzed by sortases requires the participation of a Cys-His-Arg catalytic triad. In SrtG1, the triad is composed of Cys-241 at the C terminus of ␤7, Arg-249 at the N terminus of ␤, and His-147 within the loop that follows ␤4 (Fig. 5C ). Cys-241 points directly into the active site, but the closest interaction that it makes with other elements of the catalytic triad is a 4.4 Å interaction with the NH1 atom of Arg-249; the distance to His-147 is in the range of 6.0 Å. However, the side chain of Arg-249 faces the Cys nucleophile; as in other sortase active sites, NH1 makes a hydrogen bond with the backbone carbonyl of Gly-248, which immediately precedes it, thus guaranteeing that it is well positioned for stabilization of the charged intermediate that is formed upon nucleophilic attack of Cys-241 on the peptidic substrate.
The catalytic activity of sortases that form the pilus backbone has been characterized using biochemical and microscopy FIGURE 5. Structure of SrtG1. A, schematic image of SrtG1, which is composed of a signal peptide (white box), a catalytic domain (blue/yellow), and a C-terminal transmembrane (TM) region. The flexible region that was removed for crystallization purposes is indicated in yellow. B, structure of SrtG1, which displays the classical 9-stranded ␤-barrel also observed in other sortases. The dotted green line represents the region 110 -119, which could not be traced in the electron density map. C, the catalytic site of SrtG1 carries a Cys-His-Arg triad. methods (24, 25, 28, 59 -62) . In the case of SrtG1, this reaction would correspond to the association of PitB monomers, but upon direct incubation of the two proteins in a number of conditions, we could not observe stable fiber formation (albeit the fact that PitB on its own can generate short fibers, as shown above). Thus, to gain insight into this SrtG1-catalyzed PitB association process, we used molecular modeling by employing our two high resolution structures of PitB and SrtG1, as described below.
Molecular Basis of the SrtG1-PitB Interaction-Details of the sortase-catalyzed reaction have been widely investigated thanks to extensive studies performed on sortases A and B (SrtA/SrtB; Refs. 33 and 63-69) . It has been shown that upon cleavage of the LPXTG Thr-Gly bond by the catalytic cysteine, the formation of a stable thioacyl intermediate ensues. The role of the catalytic His has been linked to the donation of protons during the reaction, whereas that of the Arg is associated to stabilization of the negative charge of the intermediate (32) . Despite these detailed advances, structural knowledge on how the substrates themselves are recognized (thus, the step that precedes covalent complex formation) is limited, largely due to the difficulty in obtaining complexes between sortases and their cognate substrates. In the case of sortases that catalyze the formation of the type I pilus backbone, for example, their structures reveal that they display lids in the vicinity of the active site, suggesting that specific regions on the surface must be recognized before the lid can be "opened" and the active site made accessible for the substrate (24, 25) . We thus employed our structure of PitB (which harbors the LPXTG motif) and of SrtG1 (which does not display a lid) in the generation of a snapshot of the first step in type II pilus biogenesis using molecular modeling. The structure of PitB was used as a ligand to dock to that of SrtG1 using ClusPro v.2, an automated docking program that employs a multistage protocol (48) ; details of the procedure can be found under "Experimental Procedures."
The LPXTG motif of PitB, located at its extreme C terminus, corresponds to the VTPTG sequence; however, the C-terminal Gly residue could not be modeled in the electron density map (potentially due to flexibility), so only the VTPT sequence was used. The interaction region is vast and involves 850 Å 2 in SrtG1 (17 residues) and 950 Å 2 in PitB (18 residues), corresponding to 13 direct H-bonds and 206 non-bonded contacts FIGURE 7 . A snapshot of the PitB:SrtG1 interaction. Left, result of docking experiment in which the VTPTG region of PitB was docked in the vicinity of the SrtG1 active site. SrtG1 is shown as a gray surface (with key residues highlighted in green), and amino acids in PitB involved in the interaction are shown as sticks. The dotted black line represents region 110 -119, which could not be traced in the electron density map. Right, zoom into the active site area. (Fig. 7) . The VTPT motif is recognized within an elongated cleft that harbors the active site in one of its extremities, and most contacts between VTPT and SrtG1 are made between the sortase and backbone atoms of VTPT. The SH group of Cys-198 from SrtG1, which should cleave the covalent bond between Thr-383 and Gly-384 within the LPXTG motif of PitB, is H-bonded to the backbone carbonyl of Pro-382 of PitB. It is of note that the side chains of the two other SrtG1 residues involved in catalysis, His-104 and Arg-206, also interact with VTPT backbone atoms, thus explaining the interchangeability in LPXTG-like sequences accepted for catalysis by pilus-biosynthesis sortases (24 -26) . Interestingly, the mode of recognition between SrtG1 and the VTPTG motif of PitB is reminiscent of that shown for complexes between SrtA and SrtB bound to their substrate peptides (64, 66); one major difference, however, is the absence of the "L" shape for the substrate, which is induced by the presence of a Pro residue in the P3 position of the peptide in the case of SrtA/SrtB. In SrtG1, position P3 is occupied by a Thr, and thus the conformation of the substrate peptide follows a more linear path.
Nevertheless, the large amount of interactions that the C terminus of PitB makes with the elongated cleft of SrtG1 brings into question how such substrates are recognized in lid-carrying sortases such as SrtC-1, SrtC-2, and SrtC-3 from S. pneumoniae. If the entire cleft is used for binding, as is the case here, then not only must the lid itself undergo a conformational modification but also the loop that precedes it (Fig. 6) , allowing the main ␤-sheet of the sortase to be contacted by the substrate molecule; this possibility is supported by mutagenesis and structural data obtained for group B Streptococcus sortases (58, 59) . It is not clear why SrtG1 and Spy0129 from S. pyogenes (29) lack lid regions, but this could potentially be related to the lack of necessity of strict discrimination of different substrates, as the biosynthesis of the respective pili is simple compared with other multicomponent fibers, such as the type 1 Streptococcus pneumococcal pilus, for example.
These studies also indicate that the VTPTG sequence of PitB is recognized in a very similar fashion by both SrtG1 (Fig. 7) and a neighboring PitB molecule (Fig. 3) . This observation suggests that it is improbable that SrtG1 recognizes both PitB monomers concomitantly (generating a ternary complex) due to the probability of the generation of steric clashes. In addition, in vivo it is likely that this reaction also requires the contribution not only of SipA (as indicated above) but also of the lipidic environment on the surface of the bacterium. However, the C-terminal Thr residue of the LPXTG sequence remains exposed once bound to SrtG1 (Fig. 7) and is thus "available" for recognition by an incoming Lys residue from a partner PitB molecule (as highlighted above; Fig. 3C ). Thus, it is tempting to hypothesize that SrtG1 positions the thioacyl intermediate in an exposed location that allows for direct attack from an incoming Lys residue; formation of the final covalent bond engenders release of SrtG1 and a slight rotation of the two associated PitB molecules occurs for the C terminus of D2 to be stably associated to the neighboring D1. Delineation of the precise mechanism of pilus formation will require the combination of further biochemical, microbiologic, and structural studies. 
